Spargo FJ, McGee SL, Dzamko N, Watt MJ, Kemp BE, Britton SL, Koch LG, Hargreaves M, Hawley JA. Dysregulation of muscle lipid metabolism in rats selectively bred for low aerobic running capacity. Am J Physiol Endocrinol Metab 292: E1631-E1636, 2007. First published February 6, 2007 doi:10.1152/ajpendo.00702.2006.-As substrate for evaluation of metabolic diseases, we developed novel rat models that contrast for endurance exercise capacity. Through twoway artificial selection, we created rodent phenotypes of intrinsically low-capacity runners (LCR) and high-capacity runners (HCR) that also differed markedly for cardiovascular and metabolic disease risk factors. Here, we determined skeletal muscle proteins with putative roles in lipid and carbohydrate metabolism to better understand the mechanisms underlying differences in whole body substrate handling between phenotypes. Animals (generation 16) differed for endurance running capacity by 295%. LCR animals had higher resting plasma glucose (6.58 Ϯ 0.45 vs. 6.09 Ϯ 0.45 mmol/l), insulin (0.48 Ϯ 0.03 vs. 0.32 Ϯ 0.02 ng/ml), nonesterified fatty acid (0.57 Ϯ 0.14 v 0.35 Ϯ 0.05 mM), and triglyceride (TG; 0.47 Ϯ 0.11 vs. 0.25 Ϯ 0.08 mmol/l) concentrations (all P Ͻ 0.05). Muscle TG (72.3 Ϯ 14.7 vs. 38.9 Ϯ 6.2 mmol/kg dry muscle wt; P Ͻ 0.05) and diacylglycerol (96 Ϯ 28 vs. 42 Ϯ 8 pmol/mg dry muscle wt; P Ͻ 0.05) contents were elevated in LCR vs. HCR rats. Accompanying the greater lipid accretion in LCR was increased fatty acid translocase/CD36 content (1,014 Ϯ 80 vs. 781 Ϯ 70 arbitrary units; P Ͻ 0.05) and reduced TG lipase activity (0.158 Ϯ 0.0125 vs. 0.274 Ϯ 0.018 mmol⅐min Ϫ1 ⅐kg dry muscle wt Ϫ1 ; P Ͻ 0.05). Muscle glycogen, GLUT4 protein, and basal phosphorylation states of AMP-activated protein kinase-␣1, AMP-activated protein kinase-␣2, and acetyl-CoA carboxylase were similar in LCR and HCR. In conclusion, rats with low intrinsic aerobic capacity demonstrate abnormalities in lipid-handling capacity. These disruptions may, in part, be responsible for the increased risk of metabolic disorders observed in this phenotype. exercise capacity; insulin resistance; mitochondrial biogenesis; lipids DURING THE PAST 50 YEARS, the prevalence of a cluster of interrelated chronic metabolic disease states including coronary heart disease, insulin resistance, type 2 diabetes mellitus, and obesity has reached epidemic proportions (5). The etiological basis of these disorders is both polygenic and dependent on environmental factors. However, because no new major human gene mutations have occurred in the latter half of the 20th century to cause this greater frequency of chronic metabolic diseases, the increased incidence must principally be due to alterations in environmental conditions. One contemporary environmental factor that changed and is strongly associated with chronic metabolic disorders is the decline in physical activity (8). Indeed, the increased prevalence of coronary heart disease, insulin resistance, type 2 diabetes mellitus, and obesity and their strong associations with inactivity have resulted in a low aerobic phenotype in which individuals with a particular combination of diseasesusceptible genes (i.e., intrinsic risk factors) interact with environmental conditions (e.g., level of physical activity) and cross a threshold of biological significance that results in overt clinical conditions (1). Evidence in support of this premise comes from studies in which multiple genes involved in aerobic metabolism are downregulated in several metabolic states and may be linked to the pathogenesis of these disorders (25, 28, 36, 44) . Less clear is whether this breakdown in aerobic metabolism results mainly from the inactive state (i.e., environmental) or is derived from mostly intrinsic factors independent of activity.
One contemporary environmental factor that changed and is strongly associated with chronic metabolic disorders is the decline in physical activity (8) . Indeed, the increased prevalence of coronary heart disease, insulin resistance, type 2 diabetes mellitus, and obesity and their strong associations with inactivity have resulted in a low aerobic phenotype in which individuals with a particular combination of diseasesusceptible genes (i.e., intrinsic risk factors) interact with environmental conditions (e.g., level of physical activity) and cross a threshold of biological significance that results in overt clinical conditions (1) . Evidence in support of this premise comes from studies in which multiple genes involved in aerobic metabolism are downregulated in several metabolic states and may be linked to the pathogenesis of these disorders (25, 28, 36, 44) . Less clear is whether this breakdown in aerobic metabolism results mainly from the inactive state (i.e., environmental) or is derived from mostly intrinsic factors independent of activity.
To approach progressive metabolic disease states mechanistically, we recently developed novel rat models that contrast for aerobic phenotype (18) . Through two-way artificial selection, we generated rodent models of low-capacity runners (LCR) and high-capacity runners (HCR) that originated from a population of genetically heterogeneous rats (18) . Eleven generations of selection produced animals that differed markedly (374%) for intrinsic (i.e., untrained) aerobic treadmill running capacity. This selection also simultaneously generated a contrast for metabolic and cardiovascular disease risk factors, including insulin resistance and elevated blood lipid concentrations in LCR compared with HCR (43) . LCR animals also had compromised mitochondrial oxidative function relative to HCR rats, as evidenced by a reduced cellular content of several proteins required for mitochondrial biogenesis and function (15, 38, 43) .
The comparative evaluation of animal models divergently selected for a complex phenotype is useful for two reasons. First, contrasting allelic variation causative of phenotypic differences is concentrated at the extremes of the population at each generation. Second, both selected lines have shared similar historical and current environments. Given the central role of lipid metabolism in aerobic exercise capacity, we hypothesized that the low intrinsic exercise capacity phenotype of the LCR would be characterized by elevated muscle lipid content and alterations in lipid handling capacity relative to the HCR. A further aim was to test whether the downregulation of key proteins involved in cellular energy metabolism found at generation 11 was maintained at generation 16.
METHODS
Animal procedures. Twenty-four female rats (12 LCR and 12 HCR) derived from generation 16 of selection (12) were used for this study. Animals were phenotyped at the University of Michigan (Ann Arbor, MI) for running capacity at 11 wk of age and then transported to The University of Melbourne animal facility (Parkville, Victoria, Australia) for further evaluation. Animals were housed three per cage in an environmentally controlled facility (21°C, 50 -60% relative humidity) with a 12:12-h light-dark cycle (0600 -1800). Animals received standard rodent chow (Speciality Feeds, Glen Forest, Western Australia) and water ad libitum. At the time of death, animals were age ϳ30 wk. All animal experimentation procedures were carried out with the approval of The University of Melbourne Animal Ethics Committee.
Approximately 10 -14 h before death, food was removed from animal cages, but animals had continued ad libitum water access. Approximately 60 min before surgical removal of tissues, animals were weighed and injected intraperitoneally with a 60 -80 mg/kg body mass dose of pentobarbital sodium. Once the animals were fully anesthetized, blood (5-10 ml) was removed via cardiac puncture, one-half was transferred to EDTA-administered tubes for later recovery of plasma, and one-half remained in regular Eppendorf tubes, for later recovery of serum. Hindlimb muscles were removed and immediately freeze clamped in liquid nitrogen before removal for storage at Ϫ80°C.
Plasma analyses. Plasma glucose, triglycerides (TG), and total and high-density lipoprotein cholesterol analyses were performed at Melbourne Pathology, Collingwood, Victoria, Australia. Plasma glucose was assessed by the glucose-hexokinase method (35) , whereas plasma TGs were measured with the colorimetric enzymatic GPO-PAP assay. Total cholesterol was also analyzed with the enzymatic colorimetric CHOD-PAP method, whereas high-density lipoprotein cholesterol was analyzed with a homogenous enzymatic colorimetric test. All tests were performed on a Modular Analytic SWA P module (Roche Diagnostics, Mannheim, Germany). Plasma nonesterified fatty acid and insulin analyses were performed with the use of commercially available kits (Wako nonesterified fatty acid C kit, Richmond, VA, and Linco RIA rat insulin kit, St. Charles, MO).
Muscle glycogen analysis. Muscle glycogen content was assayed as previously described (27) . Briefly, ϳ3 mg of freeze-dried red gastrocnemius muscle were placed in 2 N HCl and incubated at 100°C for 2 h. After neutralization with 0.66 N NaOH, the liberated glucose units were assayed fluorometrically and glycogen content was expressed as millimoles of glucosyl units liberated per kilogram dry muscle weight (mmol/kg dry muscle wt).
Intramuscular TG analysis. Muscle triglyceride (TGm) content was determined as previously described (9) . Briefly, ϳ7 mg of freezedried red gastrocnemius muscle were placed in 4 ml of chloroformmethanol (2:1) and left to rotate at room temperature for ϳ2 h to facilitate total lipid extraction. After lipid extraction, 0.6% NaCl was added to each sample tube before centrifugation at 2,000 rpm for 10 min to facilitate aqueous and organic phase separation. The TGcontaining organic phase was then transferred to glass tubes and air dried. The isolated lipids were then resuspended in 250 l of ethanol, and the TG concentration was determined spectrophotometrically at 490 nm with an enzymatic colorimetric test kit (triglycerides GPO-PAP, Boehringer Mannheim, Sydney, Australia).
Muscle diacylglycerol and ceramide analysis. Muscle diacylglycerol (DAG) and ceramide contents were determined as previously described (31) . Briefly, ϳ5 mg of freeze-dried red gastrocnemius were placed in 3.8 ml of chloroform-methanol-PBS ϩ 0.2% SDS (1:2:0.8) at room temperature for 3 h. DAG kinase and [␥-
32 P]ATP (15 Ci/mmol cold ATP) were added to the samples, and the reaction was stopped with 4 ml of chloroform-methanol (2:1). Samples were spotted onto TLC plates and developed to two-thirds of the total plate length. Bands containing DAG and ceramide were identified after phospho-imaging, dried, scraped from the TLC plate and counted in a liquid scintillation analyzer (Tri-Carb 2500TR; Packard, Canberra, Australia). Western blot procedure. Red gastrocnemius muscle (ϳ40 -50 mg) was homogenized for ϳ30 s in either 1 ml of ice-cold buffer [for fatty acid translocase/CD36 (FAT/CD36)] [20 mM HEPES (pH 7.4), 2 mM EGTA, 50 mM ␤-glycerophosphate, 1 mM DTT, 1 mM Na3VO4, 10% glycerol, 3 mM benzamidine, 10 M leupeptin, 5 M pepstatin A, Triton X-100, and 1 mM PMSF]; 10ϫ vol ice-cold buffer [for cytochrome oxidase subunit IV (COX IV), PGC-1␣, and GLUT4] [25 mM Tris (pH 6.8), 1% Triton X-100, 5 mM EGTA, 50 mM NaF, 1 mM sodium orthovanadate, 10% glycerol, 1% PMSF, 10 g/ml leupeptin, 10 g/ml aprotinin]; or ice-cold buffer (for total TG lipase) [50 mmol/l HEPES, 150 mmol/l NaCl, 10 mmol/l NaF, 1 mmol/l Na3VO4, 5 mmol/l EDTA, 0.5% Triton X-100, 10% glycerol (vol: vol), 2 g/ml leupeptin, 100 g/ml PMSF, and 2 g/ml aprotinin]. Lysates were then spun at either 16,000 g at 4°C for 30 min (FAT/CD36), 13,000 g at 4°C for 5 min (COX IV, PGC-1␣, GLUT4), or 16,000 g at 4°C for 60 min (total TG lipase). The supernatant was subsequently recovered and stored at Ϫ80°C before total protein content was analyzed with the use of the bicinchoninic acid method (Pierce Chemical, Rockford, IL). Muscle lysate containing either 50 -60 g protein (FAT/CD36, COX IV, PGC-1␣, and GLUT4) or 120 g protein (total TG lipase) was solubilized in 4ϫ Laemmli buffer and heated at 95°C for 5 min before being resolved by SDS-PAGE on either 10% (total TG lipase) or 12% (FAT/CD36, COX IV, PGC-1␣, GLUT4) polyacrylamide gels. Proteins were then transferred onto either activated polyvinylidene difluoride (PVDF) (FAT/CD36, COX IV, PGC-1␣, GLUT4) or nitrocellulose (total TG lipase) membranes before either 1-h (COX IV, PGC-1␣, GLUT4, total TG lipase) or overnight (FAT/CD36) blocking in 5% skim milk solution (in 1ϫ Tris-buffered saline with 1% Tween 20). Membranes were then exposed overnight, at 4°C, to primary antibodies for FAT/CD36 (AbCam, Cambridge, UK), COX IV (Novus Biologicals, Littleton, UK), PGC-1␣ (Chemicon, Temecula, CA), GLUT4 (Biogenesis, Poole, UK), or hormone-sensitive lipase (HSL; produced in house; see Ref. 41 ). After primary antibody exposure, membranes were exposed to appropriate anti-species horseradish peroxidaseconjugated secondary antibodies for 45-60 min at room temperature. Antibody binding was then viewed after incubation in enhanced chemiluminescence substrate (Amersham BioSciences, Castle Hill, NSW, Australia, for COX IV, PGC-1␣, GLUT4; Pierce SuperSignal chemiluminescent, Rockford, IL, for FAT/CD36; or Perkin-Elmer, Rowville, Victoria, Australia, for total TG lipase) and exposure to Chemidoc XRS (Bio-Rad Laboratories, Regents Park, NSW, Australia). Bands were identified and quantified with Quantity One onedimensional image analysis software (Bio-Rad) (FAT/CD36, COX IV, PGC-1␣, GLUT4) or Kodak one-dimensional image analysis software (total TG lipase).
PKC Western blot procedure. Approximately 75 mg of red gastrocnemius muscle were homogenized in 8ϫ buffer (as described previously) excluding Triton X-100. The samples were then spun at 100,000 g for 30 min at 4°C. The supernatant (cytosolic fraction) was then removed for storage at Ϫ80°C, and the pellet was resuspended in 4ϫ buffer containing all homogenization buffer ingredients, including Triton X-100. This membrane fraction was then spun at 16,000 g at 4°C for 10 min before the supernatant was removed for storage at Ϫ80°C. Both the cytosolic and membrane fractions were later assayed for total protein content as described previously. Lysate containing 100 g of protein was then solubilized in 4ϫ Laemmli buffer before samples were vortexed and heated at 95°C for 5 min. Samples were then loaded into 10% SDS-PAGE gels for separation by electrophoresis. From this point, all procedures were the same as those outlined AMP-activated protein kinase and acetyl-CoA carboxylase Western blot procedure. Red gastrocnemius muscle (50 mg) was homogenized by pestle in 1:10 wt/vol lysis buffer A (50 mM Tris, pH 7.5, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 5 mM NaPO 7, 10% glycerol, 1% Triton X-100, 10 g/ml trypsin inhibitor, 2 g/ml aprotinin, 1 mM benzamidine, and 1 mM PMSF). Proteins were extracted by rotating the homogenate at 4°C for 20 min followed by centrifugation at 14,000 rpm for 20 min and retention of the supernatant. Protein concentration was determined with the bicinchoninic acid method (Pierce). For the measurement of AMP-activated protein kinase (AMPK) subunits by Western blot, 75 g of protein were separated on 10% SDS-PAGE gels and then transferred to Immobilon-FL membranes (Millipore, Billerica, MA). Primary antibodies to detect AMPK-␣ 1, AMPK-␣2, total AMPK-␣, and the phosphorylation of AMPK at Thr 172 were used at 1/2,000 dilution and have been described previously (24) .
For the measurement of phosphorylated acetyl-CoA carboxylase (ACC), 75 g of protein were separated on 7% SDS-PAGE gels and an ACC␣-pSer 79 phosphospecific antibody was used as described previously (7) . Total ACC was measured with the use of a conjugated streptavidin antibody (Rockland Immunochemicals, Gilbertsville, PA). All immunoblots were analyzed with the Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE).
TG lipase activity. TG lipase activity was determined as described previously (39, 42) . Briefly, an aliquot of powdered skeletal muscle (ϳ30 mg) was homogenized for 10 s on ice in 20 vol of homogenizing buffer using a Polytron homogenizer at full speed. After centrifugation (16,000 g at 4°C for 60 min), the supernatant was removed and stored on ice for immediate analysis. A substrate consisting of 5 mmol/l triolein, 14 ϫ 10 6 dpm [9,10-3 H]triolein, 0.6 mg phospholipid (phosphatidylcholine-phosphatidylinositol 3:1 wt/vol), 0.1 M potassium phosphate, and 20% BSA was emulsified by sonication. The supernatant was incubated at 37°C with enzyme dilution buffer and 100 l of triolein substrate. The reaction was stopped after 1 h by the addition of 3.25 ml of a methanol-chloroform-heptane (10:9:7 vol/ vol/vol) solution, and 0.1 M potassium carbonate-0.1 M boric acid (1.1 ml) was added to facilitate the separation of the organic and aqueous phases. The mixture was mixed on a vortex and spun in a centrifuge at 1,100 g for 20 min, and 1 ml of the upper phase containing the released fatty acids was removed for determination of radioactivity on a beta spectrometer (Tri-Carb 1500, Packard, Canberra, Australia). Activity was normalized to the total protein content of the homogenate.
Statistical analysis. All data are expressed as means Ϯ SE. Statistical differences among groups were determined by one-way ANOVA. Where main effects were detected, a Student-NewmanKeuls post hoc test was used to probe for differences. Statistical significance was accepted at P Յ 0.05.
RESULTS
Physiological characteristics and blood profiles. All rats were the same age (ϳ7 mo) at time of death. LCR animals were heavier than HCR (275 Ϯ 22 vs. 219 Ϯ 21 g; P Ͻ 0.05). Table 1 shows plasma measurements.
Intramuscular metabolites and TG lipase activity. LCR had significantly greater (47%) intramuscular TG (P Ͻ 0.05) and DAG (57%) (P Ͻ 0.05) percentages that HCR animals. There was no difference between phenotypes in intramuscular ceramide content (Fig. 1) . Muscle glycogen (130 Ϯ 16 vs. 126 Ϯ 11 mmol/kg dry muscle wt) was also not different between phenotypes. LCR had reduced TG lipase activity (43%) (P Ͻ 0.01) when expressed relative to total protein content (see Fig.  3 ). HSL is a major TG lipase in skeletal muscle, and consistent with the TG lipase activity measure its protein expression tended (P ϭ 0.10) to be greater in HCR than in LCR animals. When animals from both phenotypes were combined in analyses, there was a strong negative correlation (R ϭ Ϫ0.71, P Ͻ 0.05) between TGm and PGC-1␣ content (see Fig. 4 ).
Skeletal muscle protein expression. Compared with HCR, LCR exhibited reduced protein content of both COX IV (P Ͻ 0.05) and PGC-1␣ (P Ͻ 0.05). LCR had greater muscle FAT/CD36 content than HCR animals (P Ͻ 0.05). There were no differences in GLUT4, cytosolic PKC-, membrane PKC-, AMPK-␣ 1 , AMPK-␣ 2 , AMPK Thr 172 phosphorylation/total AMPK, or ACC␣ Ser 79 phosphorylation/total ACC protein expression between groups (Fig. 2) .
DISCUSSION
Low aerobic exercise capacity (16) and coordinated defects in oxidative metabolism (25, 28) are strongly linked to the pathogenesis of several chronic metabolic disease states, including insulin resistance, type 2 diabetes, and coronary heart disease (4). As such, it appears that the ability of an organism to utilize oxygen during exercise represents a point of divergence for health-disease outcomes (14) . The results from the present study support the hypothesis that the low aerobic capacity phenotype of the LCR is related to alterations in lipid-handling capacity and that this increased metabolic load is associated with an elevated risk of metabolic diseases.
In agreement with Wisloff et al. (43) who studied animals from generation 11, we found that generation 16 LCR rats were insulin resistant, as demonstrated by higher fasting glu- (Table 1) . A novel finding from the present study was the elevated muscle lipid content in LCR compared with HCR animals (Fig. 1) . Accumulation of TGm has been strongly associated with both whole body and skeletal muscle insulin resistance in a variety of animal models (17, 19, 26) . However, the proposed relationship between TGm accumulation and skeletal muscle insulin resistance is equivocal, as endurance-trained humans are markedly insulin sensitive despite elevated TGm (10) . The greater insulin sensitivity in the face of elevated TGm deposition in the endurance-trained state has been described as a "metabolic paradox" that represents an adaptive response to training, allowing a greater contribution of the TGm pool as a substrate source during exercise and thus "sparing" glycogen stores. In contrast, elevated TGm stores in the insulin-resistant state appear to be secondary to a structural imbalance between plasma free fatty acid availability, fatty acid uptake and storage, and oxidation. In this context, it has been proposed that TGm merely acts as a marker for the presence of other, more metabolically active lipid intermediates, which are directly linked to defects in insulin signaling and may play causative roles in obesityinduced insulin resistance (34) . One such lipid intermediate is DAG, which is elevated in both genetic and diet-induced insulin resistance (40) . DAG is proposed to induce insulin resistance by activating DAG-sensitive PKC isoforms (33) , which results in serine phosphorylation of insulin receptor substrate 1 (22) . We found that, compared with HCR rats, muscle from LCR animals had a twofold increase in both TGm and DAG (Fig. 1) . However, despite the marked elevation of these lipids in LCR rats, we did not find any differences in PKC protein content in muscle from either phenotype. In support of this anomaly, we have previously reported increased DAG content in muscle from obese Zucker rats independent of changes in membrane-associated PKC, PKC␣/␤, or PKC␦ content (21) . Ceramide, a second messenger in the sphingomyelin signaling pathway, has also been shown to be elevated in the muscle of obese, insulin-resistant rodents (37) but was similar between LCR and HCR animals in the present investigation.
In an effort to determine the potential mechanism(s) mediating the elevations in TGm and DAG content observed in the LCR, we examined several steps regarded as important for the transport and/or degradation of triacylglycerol in skeletal muscle. We speculated that the observed increases in TGm and DAG content that the low-exercise capacity of the LCR may have resulted from alterations in regulatory enzymes of lipid turnover, such as the TG lipase (e.g., HSL). Because an increased rate of fatty acid transport into skeletal muscle has also been linked with the accumulation of intramuscular lipids and insulin resistance, we also measured the putative fatty acid transporter FAT/CD36. We show that, in muscle from LCR rats, there is a twofold reduction in TG lipase activity and a significant (23%) increase in FAT/CD36 protein content compared with HCR rats (Fig. 3) . The lipid-regulatory enzymes play important roles in the response to various physiological conditions such as feeding/fasting and exercise and directly affect plasma free fatty acid concentrations (20) , which in turn are known to determine carbohydrate and lipid utilization, storage, and synthesis in both skeletal muscle and liver. Any imbalances between lipid accumulation and fat oxidation and/or turnover in muscle due to the dysregulation of these enzymes might contribute to the development of obesity and related disorders. Indeed, in HSL Ϫ/Ϫ mice, there is marked DAG accumulation and insulin resistance (11) . In the present study, the downregulation of HSL protein content and TG lipase activity is, in part, likely to be responsible for DAG accretion in the LCR rats. With regard to the protein levels of the putative fatty acid transporter FAT/CD36, Chabowski et al. (6) recently reported that, in muscle from obese, insulinresistant Zucker rats, FAT/CD36 expression and plasmalemmal content are upregulated before the onset of diabetes. Thus a small but early increase in FAT/CD36 may precede the clinical staging of overt conditions such as Type 2 diabetes and may be reversible with interventions such as exercise training. Although Chabowski et al. found an inverse relationship between FAT/CD36 and GLUT4 protein expression in obese Zucker rats, we did not find any differences in either GLUT4 protein content or muscle glycogen levels between LCR and HCR phenotypes.
AMPK is an energy sensor that regulates cellular metabolism (for review, see Ref. 23) . When activated by an energy charge disruption, AMPK stimulates glucose uptake and lipid oxidation to produce energy while turning off energy-consuming processes, including glucose and lipid production to restore energy balance (23) . The AMPK pathway has profound effects on the regulation of lipid metabolism. Fatty acid oxidation in skeletal muscle involves a rate-controlling step that is regulated by carnitine palmitoyltransferase 1. Carnitine palmitoyltransferase 1 transfers long-chain acyl-CoA into the mitochondria, and this process is inhibited allosterically by malonyl-CoA, synthesized by ACC (13) . The activity of ACC is regulated by reversible phosphorylation, and AMPK directly phosphorylates and inactivates this downstream target (23) . The ability of AMPK to induce lipid oxidation and thus lower skeletal muscle and liver lipid deposition is considered an important feature for the insulin-sensitizing effect of AMPK activation (13) . Hence, given the lipid accretion in LCR and the associated insulin resistance, it was surprising to find no differences in the basal phosphorylation state of both AMPK-␣ 1 and AMPK-␣ 2 isoforms between phenotypes. ACC phosphorylation state was also similar between LCR and HCR.
Wisloff et al. (43) first showed that LCR animals have compromised skeletal muscle mitochondrial function relative to HCR rats. These workers reported that HCR animals have higher muscle content of proteins known to be integral for mitochondrial function, including the peroxisome proliferatory-activated receptors and PGC-1␣, both transcription regulators for the expression of metabolic and mitochondrial genes. In agreement, we report reduced protein content of both COX IV and PGC-1␣ in LCR compared with HCR rats. The compromised oxidative function in these rats is consistent with previous observations of mitochondrial dysfunction in several metabolic disease states, such as insulin resistance (30, 32) . Such compromised oxidative function occurs in conjunction with reduced content of oxidative-type proteins in LCR rats. In this regard, Benton et al. (2) demonstrated a strong, negative relationship between TGm content and PGC-1␣ expression in FAT/CD36 knockout mice and concluded that PGC-1␣ expression is downregulated when triacylglycerol synthesis rates rise and, conversely, that PGC-1␣ expression is upregulated when triacylglycerol synthesis rates are reduced. They speculated that "muscle lipid sensing" may be involved in regulating the protein expression of PGC-1␣ in skeletal muscle. In agreement with this observation, we found a robust correlation between TGm and PGC-1␣ expression in LCR and HCR rats (Fig. 4) .
In conclusion, we provide novel evidence that the LCR phenotype is associated with aberrant lipid handling in skeletal muscle and that these factors combine to create a differential load of metabolic risk factors previously shown to be strongly related with several chronic disease states (3, 29) . Although our observations cannot prove a direct cause-effect relationship, they provide further support that low intrinsic aerobic capacity is associated with altered lipid homeostasis and that these factors may be mechanistically linked. The LCR/HCR model provides a unique platform for the discovery of the genetic and environmental causes of complex disease at all levels of biologic organization. 
